The structural determinant of the permeation and selectivity properties of high voltage-activated (HVA) Ca 2؉ channels is a locus formed by four glutamate residues (EEEE), one in each P-region of the domains I-IV of the ␣ 1 subunit. We tested whether the divergent aspartate residues of the EEDD locus of low voltage-activated (LVA or T-type) Ca 2؉ channels account for the distinctive permeation and selectivity features of these channels. Using the whole-cell patch-clamp technique in the HEK293 expression system, we studied the properties of the ␣ 1G T-type, the ؉ blocked Ca 2؉ currents in all mutants more efficiently than in ␣ 1G . In addition, activation curves of all mutants were displaced to more positive voltages and had a larger slope factor than in ␣ 1G wild type. We conclude that the aspartate residues of the EEDD locus of the ␣ 1G Ca 2؉ channel subunit not only control its permeation properties, but also affect its activation curve. The mutation of both divergent aspartates only partially confers HVA channel permeation properties to the ␣ 1G Ca 2؉ channel subunit.
The structural determinant of the permeation and selectivity properties of high voltage-activated (HVA) Ca 2؉ channels is a locus formed by four glutamate residues (EEEE), one in each P-region of the domains I-IV of the ␣ 1 subunit. We tested whether the divergent aspartate residues of the EEDD locus of low voltage-activated (LVA or T-type) Ca 2؉ channels account for the distinctive permeation and selectivity features of these channels. Using the whole-cell patch-clamp technique in the HEK293 expression system, we studied the properties of the ␣ 1G T-type, the ␣ 1C L-type Ca 2؉ channel subunits, and ␣ 1G pore mutants, containing aspartate-to-glutamate conversions in domain III, domain IV, or both. Three characteristic features of HVA Ca 2؉ channel permeation, i.e. (a) Ba 2؉ over Ca 2؉ permeability, (b) Ca 2؉ / Ba 2؉ anomalous mole fraction effect (AMFE), and (c) high Cd 2؉ sensitivity, were conferred on the domain III mutant (EEED) of ␣ 1G . In contrast, the relative Ca 2؉ / Ba 2؉ permeability and the lack of AMFE of the ␣ 1G wild type channel were retained in the domain IV mutant (EEDE). The double mutant (EEEE) displayed AMFE and a Cd 2؉ sensitivity similar to that of ␣ 1C , but currents were larger in Ca 2؉ -than in Ba 2؉ -containing solutions. The mutation in domain III, but not that in domain IV, consistently displayed outward fluxes of monovalent cations. H ؉ blocked Ca 2؉ currents in all mutants more efficiently than in ␣ 1G . In addition, activation curves of all mutants were displaced to more positive voltages and had a larger slope factor than in ␣ 1G wild type. We conclude that the aspartate residues of the EEDD locus of the ␣ 1G Ca 2؉ channel subunit not only control its permeation properties, but also affect its activation curve. The mutation of both divergent aspartates only partially confers HVA channel permeation properties to the ␣ 1G Ca 2؉ channel subunit.
Although voltage-operated Ca 2ϩ channels basically share similar Ca 2ϩ selectivity and permeation mechanisms, there are some specific features that distinguish high voltage-activated (HVA) 1 from low voltage-activated (LVA or T-type) Ca 2ϩ channels. The most representative is perhaps that the Ba 2ϩ conductance of most HVA Ca 2ϩ channels is ϳ2 times larger than for Ca 2ϩ (1) (2) (3) , whereas the Ca 2ϩ conductance of LVA Ca 2ϩ channels is identical to or larger than that of Ba 2ϩ (4 -6) . In some experimental conditions, Ba 2ϩ currents are blocked by Ca 2ϩ in HVA channels, a phenomenon known as anomalous mole fraction effect (AMFE) that is a result of the higher binding affinity of these channels for Ca 2ϩ (7) (8) (9) (10) (11) (12) . However, AMFE is absent in LVA channels (13) . In addition, HVA Ca 2ϩ channels are more sensitive to Cd 2ϩ block than LVA Ca 2ϩ channels (1, 6, 14) . The structural determinant of the Ca 2ϩ selectivity of L-type Ca 2ϩ channels is a locus formed by four glutamate residues, one in each P-region of domains I-IV of the ␣ 1 subunit (15, 16) . This so-called EEEE locus is conserved in all known ␣ 1 subunits that form the ion-conducting pore of the HVA Ca 2ϩ channel subfamily (17) (18) (19) . This EEEE locus seems to be the sole high affinity binding structure in the pore, and each glutamate residue has a differential contribution to Ca 2ϩ selectivity and Cd 2ϩ and proton block (20 -22) . Recently, the pore region of domain III was shown to contain a putative EF hand motif, which is conserved in all HVA Ca 2ϩ channels, and it was suggested to underlie the differential permeabilities for Ba 2ϩ and Ca 2ϩ of the N-type ␣ 1B channel subunit (23) . In contrast, the three known ␣ 1 subunits of LVA Ca 2ϩ channels (␣ 1G , ␣ 1H , and ␣ 1I ) contain an EEDD pore locus (24 -28) . The structural aspects of T-type Ca 2ϩ channel permeation have been addressed in only one abstract so far (29) . These authors replaced L-type Ca 2ϩ channel residues with divergent residues of LVA channels, i.e. phenylalanine-glutamate for lysine-aspartate and glutamate-alanine for aspartate-asparagine in the P-loop of domains III and IV, respectively. These modifications on and around the EEEE locus of the ␣ 1C channel subunit decreased the single channel conductance for Ba 2ϩ , mimicking the properties of LVA Ca 2ϩ channels. In the present work we wanted to test the extent to which the divergent aspartate residues of the EEDD locus might be responsible for the distinctive permeation properties of the Ttype Ca 2ϩ channel. To test this, we induced aspartate-glutamate conversions in the T-type Ca 2ϩ channel ␣ 1G in, respectively, domain III (D1487E, EEED mutant), domain IV (D1810E, EEDE mutant), and in both domains simultaneously (D1487E and D1810E, EEEE mutant). By means of the wholecell patch-clamp technique, we studied the properties of the ␣ 1G T-type, the ␣ 1C L-type Ca 2ϩ channel subunits, and the constructed mutants after their transient expression in HEK293 cells. We were able to show that permeation properties of the ␣ 1G Ca 2ϩ channel subunit critically depend on the aspartate residues of its EEDD locus, and that the double mutation of the EEDD locus to EEEE only partially conferred HVA channel permeation properties to ␣ 1G Ca 2ϩ channel subunit.
MATERIALS AND METHODS
Construction of Pore Mutants-The pore mutants were obtained using the standard polymerase chain reaction overlap extension technique with the mouse ␣ 1G cDNA, pc3LVA1, accession number AJ012569 (26) , as template DNA. The EcoRI-Acc65I fragment of ␣ 1G (1532 bp) was first subcloned in the pUC19 vector (New England Biolabs). Mutants were generated by replacing wild type fragments of this pUC19 subclone by the corresponding overlap polymerase chain reaction fragments using the following restriction enzymes: EEDE, Acc65I-BglII fragment (860 bp); EEED, AgeI-BglII fragment (577 bp). Finally, the mutant EcoRI-Acc65I fragment of the pUC19 subclone was used for replacing the corresponding fragment (1532 bp) in the full-length ␣ 1G cDNA clone pc3LVA1.
To select transfected HEK293 cells prior to analysis, all constructs were finally cloned in the pCAGGS (30) 2ϩ or Ba 2ϩ through the T-type channel ␣ 1G (data not shown). For mole fraction experiments, the total divalent cation concentration was kept equal at 20 mM with Ca 2ϩ /Ba 2ϩ ratios of 20/0, 15/5, 10/10, 5/15, and 0/20. In the proton block experiments, we substituted HEPES in the extracellular solution by a mixture of MES, HEPES, and TAPS (5 mM each) to extend the buffering range from pH 5.5 to 9.1. The intracellular (pipette) solution contained 102 mM CsCl, 5 mM HEPES, 5 mM MgCl 2 , 5 mM Na 2 -ATP, 10 mM TEA-Cl, 10 mM EGTA, titrated to pH 7.4 with 1 N CsOH. All chemicals were purchased from Sigma.
Electrophysiology-Currents were recorded in the whole-cell configuration of the patch-clamp technique using an EPC-7 (List Electronics, Darmstadt, Germany) patch-clamp amplifier and filtered with an eightpole Bessel filter (Kemo, Beckenham, United Kingdom). For control of voltage-clamp protocols and data acquisition, we used an IBM-compatible PC with a TL-1 DMA interface (Axon Instruments, Foster City, CA) and the software pCLAMP 6 (Axon Instruments). Exchange of bath solution occurred via a multibarrelled pipette connected to solution reservoirs and was controlled by a set of magnetic valves. Patch pipettes (1.5-2.5 megohms) were pulled from Vitrex capillary tubes (Modulohm, Herlev, Denmark) using a DMZ-Universal puller (Zeitz Instruments, Augsburg, Germany). An Ag-AgCl wire was used as reference electrode. Membrane capacitative transients were electronically compensated to the maximum extent possible. Current traces were filtered at 2-5 kHz and digitized at 5-10 kHz. The experiments were performed at room temperature (20 -25°C) .
Data Analysis-Electrophysiological data were analyzed and fitted using the WinASCD software package (G. Droogmans, Laboratory of Physiology, Katholieke Universiteit Leuven, Leuven, Belgium). I-V relations obtained from peak current amplitudes were fitted to Equation 1, where I is the measured peak current, G max is the slope conductance, V is the test potential, V r is the apparent reversal potential, V1 ⁄2 is the potential of half-maximal activation, and s act the slope parameter for activation.
For statistical analysis and graphical presentation of the data, we used Origin version 5.0. Pooled data are given as mean Ϯ S.E. of all the measurements. We used Student's t test, taking p Ͻ 0.05 or p Ͻ 0.01 as level of significance. (Fig. 2) . To account for the differences in current density between cells, which may partly reflect differences in expression efficiency for the various constructs, we have compared the slope conductance of Ca 2ϩ relative to that of Ba 2ϩ (G MaxCa /G MaxBa ) for the various channels. The values of G MaxCa and G MaxBa were derived from the fits of the data points to equation (1) . From the pooled data in Fig. 2F , it is obvious that this ratio is larger than 1 for ␣ 1G , the EEDE mutant, and the double mutant EEEE, but the opposite is true for the domain III mutant (EEED). Both mutants in which aspartate was exchanged for glutamate in domain III showed large outward currents (presumably carried by Cs ϩ ) (Fig. 2 , C and E). In the EEEE mutant with Ba 2ϩ as the charge carrier, this outward current shows prominent outward rectification and a less positive reversal potential, hindering the fitting of the I-V curve with Equation 1 over the entire voltage range studied (Fig. 2E) .
RESULTS

Ca
Besides their effects on Ca 2ϩ /Ba 2ϩ selectivity, these mutations also affected channel activation curves, as is evident from Fig. 3 (A and B) . Indeed, the voltage of half-maximal activation was significantly displaced to more depolarized potentials and was the charge carrier (Fig. 3, C and D) . channel residues, which are divergent from those of the EEEE locus of HVA Ca 2ϩ channels, confers anomalous mole fraction behavior on the ␣ 1G channels. We therefore studied the effects of Ca 2ϩ /Ba 2ϩ mixtures at millimolar concentration ratios of 20/0, 15/5, 10/10, 5/15, and 0/20 on the amplitude of the currents elicited by 200-ms voltage steps to 0 mV applied from a holding potential of Ϫ100 mV. Fig. 4 shows representative current traces for ␣ 1G , ␣ 1C , and the pore mutants EEED, EEDE, and EEEE in different mixtures of Ca 2ϩ and Ba 2ϩ . To account for differences in current amplitude between channels and cells, we have normalized the current amplitudes in each mixture to that in 20 mM Ba 2ϩ in each cell. Averaged data for the wild types and mutant channels are shown in Fig.  4F . ␣ 1G does not show the AMFE, because the current decreased monotonically if extracellular Ba 2ϩ was substituted in equimolar fashion by increasing Ca 2ϩ concentrations (Fig. 4A ). It has been demonstrated that the AMFE depends on the total divalent cation concentration and on membrane potential (10 -12) . The lack of a prominent AMFE in ␣ 1C is therefore not surprising, but rather indicates that our experimental conditions might not be optimal for demonstrating the effect in this channel. On the other hand, our results are almost identical to those previously reported for ␣ 1C and ␣ 1A subunits expressed in Xenopus oocytes (2) . In any case, current traces of ␣ 1C show a similar fast Ca 2ϩ -dependent inactivation pattern in all Ca 2ϩ containing ion mixtures (Fig. 4B) , which is a clear indication that Ca 2ϩ binds preferentially over Ba 2ϩ to the ␣ 1C channel. The EEED mutant, however, clearly showed AMFE because the amplitude of the current in the 10/10 mixture was significantly smaller than those recorded in 20 mM Ca 2ϩ or Ba 2ϩ (Fig.  4C) . Mutation of the aspartate residue in domain IV did not alter the features of the ␣ 1G wild type, as the normalized current amplitudes of both channels are practically superimposed for all ion mixtures. The mutant EEEE showed a complex behavior; Ca 2ϩ currents were ϳ3.5 times larger than those in 20 (34) showed that substitution of glutamate residues for aspartate in domains I and III destabilized the protonated state, whereas the same mutations in domains II and IV did not alter and stabilized protonation, respectively. By comparing the effects of extracellular pH on Ca 2ϩ current amplitude through ␣ 1G and the pore mutants, we were able to study the effects of the opposite mutation, i.e. aspartate-to-glutamate, on the proton block pattern, but now using the ␣ 1G Ca 2ϩ channel as a template.
Reduction of extracellular pH from 9.1 to 7.4 did not provoke any changes in the amplitude of the Ca 2ϩ current through ␣ 1G , whereas a further acidification to 5.5 produced a significant but incomplete block of the Ca 2ϩ current (Fig. 5A) . In contrast, the current was significantly reduced in all three pore mutants by decreasing extracellular pH from 9.1 to 7.4, and completely blocked at pH 5.5 (Fig. 5, B-D) . Fig. 5E shows the inhibition of the Ca 2ϩ current through ␣ 1G and the three pore mutants as a function of extracellular pH. The percentage of current block at each pH was calculated as the percentage of current reduction with respect to the corresponding current in the same cell at pH 9.1. Experimental data were fitted to a Hill function of the form shown in Equation 2, where pK a is the proton association constant and n is the Hill coefficient. For ␣ 1G , pK a was 6.05 Ϯ 0.10 and n was 0.93 Ϯ 0.13. Both single mutants showed a significantly higher sensitivity to proton block than the wild type channel, which was, however, not significantly different between both mutants. The fitted parameters for these mutant channels were pK a ϭ 6.98 Ϯ 0.07 and n ϭ 0.67 Ϯ 0.08 for EEED and pK a ϭ 6.87 Ϯ 0.10 and n ϭ 0.76 Ϯ 0.11 for EEDE. Interestingly, the pH dependence of the double mutant EEEE with a pK a ϭ 7.04 Ϯ 0.10 and n ϭ 0.75 Ϯ 0.11 did not significantly differ from that of the single mutants. Cd   2ϩ sensitivity is a particular feature of HVA Ca 2ϩ channels (1, 6, 14) . The study of Cd 2ϩ block on the Ca 2ϩ currents through the ␣ 1G pore mutants EEED, EEDE, and EEEE enabled us to demonstrate that the aspartate residues of the EEDD locus of ␣ 1G are structural determinants for the low Cd 2ϩ sensitivity of T-type Ca 2ϩ channels. Fig. 6 shows examples of the effect of extracellular Cd 2ϩ (100 and 300 M) on the Ca 2ϩ currents through ␣ 1G , ␣ 1C , and the pore mutants EEED, EEDE, and EEEE during 200-ms voltage steps to 0 mV from a holding potential of Ϫ100 mV.
Block of Ca 2ϩ Currents by Extracellular Cd 2ϩ -High
In contrast to ␣ 1G , Ca 2ϩ currents through ␣ 1C were efficiently blocked by 100 M Cd 2ϩ (Fig. 6, A and B) . Both single mutants, EEED and EEDE, are more sensitive to Cd 2ϩ block than wild type ␣ 1G (Fig. 6, C and D) . The double mutant EEEE (Fig. 6E) 
DISCUSSION
This study is the first structural approach of the permeation properties of T-type Ca 2ϩ channels. The main conclusions are that the aspartate residues of the EEDD pore locus of the T-type Ca 2ϩ channel subunit ␣ 1G determine the conduction properties of this channel, and that the exchange of divergent residues in the pore locus of ␣ 1G for the corresponding residues in ␣ 1C induces some, but not all typical permeation properties of HVA Ca 2ϩ channels. To our knowledge, the only study addressing the structural determinants of the differences in permeation between T-type and HVA Ca 2ϩ channels, using the L-type channel subunit ␣ 1C as template, has been published in abstract form (29) . These authors induced modifications in and around the EEEE locus of the ␣ 1C Ca 2ϩ channel subunit to mimic the corresponding structure of T-type Ca 2ϩ channels. They exchanged the phenylalanine-glutamate pair in domain III and the glutamate-alanine pair in domain IV of ␣ 1C for the lysine-aspartate and aspartate-asparagine pairs of ␣ 1G , respectively, and observed that the single-channel conductance for Ba 2ϩ currents was reduced by a factor of 2 compared with that of ␣ 1C wild type. The authors concluded that these structural modifications conferred T-type permeation properties on ␣ 1C .
In a recent paper, Feng et al. (23) demonstrated that the disruption of a potential putative EF-hand motif, located outside the narrow region of the N-type Ca 2ϩ channel ␣ 1B , increased the Ca 2ϩ conductance while leaving the Ba 2ϩ conductance unaltered. They suggested that selective Ca 2ϩ binding to the putative EF-hand could result in a localized conformational change in the channel, resulting in a reduction of the Ca 2ϩ conductance. Given that this EF-hand motif is highly conserved in HVA Ca 2ϩ channels and not in T-type Ca 2ϩ channels, they suggested that this could explain why these channels have different relative Ca 2ϩ /Ba 2ϩ permeabilities. However, as pointed out by these authors, the putative EF-hand motif is conserved in R-type (␣ 1E ) Ca 2ϩ channels, but they exhibit the same Ca 2ϩ and Ba 2ϩ permeabilities. In the present work, however, we unequivocally show that the transfer of a single amino acid residue of HVA Ca 2ϩ channels (particularly mutation D1487E) to the ␣ 1G T-type Ca 2ϩ channel subunit is sufficient to induce three characteristic features of HVA Ca 2ϩ channel permeation: (a) Ba 2ϩ over Ca 2ϩ permeability, (b) Ca 2ϩ /Ba 2ϩ anomalous mole fraction effect, and (c) high Cd 2ϩ sensitivity. Effects of Aspartate-to-Glutamate Mutations on the Activation Properties of ␣ 1G -Modification of the EEDD pore locus not only provoked changes in relative Ca 2ϩ /Ba 2ϩ permeabilities of ␣ 1G , they also induced changes in the activation curves. All mutants displayed a more positive voltage for half-maximum activation and a larger slope factor than the ␣ 1G wild type. These effects were rather unexpected for mutations in the pore region. Delisle and Satin (35) showed that external acidification from pH 8.2 to pH 5.5 induces a similar shift of the activation curve of the ␣ 1H T-type channel to more depolarized potentials and an increase of its slope factor. These effects were paralleled by an increase of outward current amplitudes and a shift of the reversal potential to more negative values. These authors suggested that channel protonation induces modifications in the gating properties and reduces Ca 2ϩ /monovalent ion relative permeability of the T-type Ca 2ϩ channel ␣ 1H . The similarity with our findings suggests that the changes in activation curves induced by aspartate-to-glutamate mutations on the EEDD pore locus of ␣ 1G may be caused by the altered pattern of proton block in these mutants. This is strongly supported by the fact that all the mutants show higher sensitivity to the proton block than the ␣ 1G wild type. Whether proton-induced modifications of activation curves of ␣ 1G are due to modifications of channel gating (35) and/or to voltagedependent proton block (36) remains to be investigated. However, whatever the underlying mechanism, our data strongly suggest that the proton-binding site triggering these modifications is built in the EEDD pore locus. 2). The number of experiments for each channel were: ␣ 1G , n ϭ 13; EEED, n ϭ 12; EEDE, n ϭ 7 and EEEE, n ϭ 4.
Individual Contribution of Aspartate Residues to the Conduction
Properties of ␣ 1G -It is clear from our results that the aspartate of domain III in the EEDD locus has the largest influence on the overall conducting properties of the T-type Ca 2ϩ channel ␣ 1G . Inverted relative Ca 2ϩ /Ba 2ϩ permeability, AMFE, and large outward monovalent fluxes are induced in the ␣ 1G Ca 2ϩ channel when the aspartate of domain III but not that of domain IV was mutated to a glutamate. This is in line with previous results, which indicate that the glutamate residues of domains I and III are the most critical for the ion conduction properties of HVA Ca 2ϩ channels (21) . On the other hand, the domain IV mutant (EEDE) retained the same relative Ca 2ϩ /Ba 2ϩ permeability, the absence of AMFE, and the absence of monovalent cation outward fluxes of the ␣ 1G wild type channel. Still, it displayed the same qualitative changes in activation properties and in proton and Cd 2ϩ sensitivity of the EEED mutant.
The double mutant EEEE showed the most complex features. Its behavior was expected to be the closest to that of ␣ 1C , but, although it displayed the AMFE and the highest Cd 2ϩ sensitivity among the mutants, it showed large outward fluxes, Ca 2ϩ currents that were much larger than Ba 2ϩ currents, and the same proton sensitivity as the single mutants. Although the binding of Ba 2ϩ to the channel is weaker in this mutant, it still permeates at a lower rate than Ca 2ϩ . A possible explanation for this paradoxical result is that elongation of side chains by the mutation of both aspartate residues for glutamate may increase the sieving properties, as well as the proton affinity of the ␣ 1G channel. In this case, Ba 2ϩ fluxes would be impaired because of its larger ionic radius and its smaller capability for competition with protons for binding sites of the channel. The presence of the AMFE in the EEED and the EEEE mutants and its absence in the EEDE mutant suggests that, independent of the changes induced on the Ca 2ϩ /Ba 2ϩ relative permeability, substitution of the aspartate residue of domain III by glutamate consistently increases the binding affinity of the ␣ 1G channel subunit for Ca 2ϩ over Ba 2ϩ . The experiments of H ϩ and Cd 2ϩ block of Ca 2ϩ currents gave additional information about the contribution of individual mutations. All mutants show the same increase in proton sensitivity of the Ca 2ϩ current compared with the wild type, suggesting that both aspartates of domains III and IV contribute equally to the proton block in the ␣ 1G Ca 2ϩ channel and that the block is not further enhanced by the double mutation. Interestingly, glutamate-to-aspartate mutation in domain III of the L-type Ca 2ϩ channel ␣ 1C reduced proton block of K ϩ currents by ϳ50% compared with that in the wild type channel, whereas the same mutation but in the IV domain stabilized the protonated state (34 2). The number of experiments for each channel were: ␣ 1G , n ϭ 15; ␣ 1C , n ϭ 3; EEED, n ϭ 5; EEDE, n ϭ 7 and EEEE, n ϭ 5.
the Cd 2ϩ sensitivity over that of the ␣ 1G wild type, with a K d very close to that obtained for L-type ␣ 1C . This indicates that, unlike the case of H ϩ , Cd 2ϩ affinity for the channel increases when the side chains are enlarged by substituting the aspartates in domains III and IV with glutamate.
The simplest explanation for the incomplete transfer of permeation properties of HVA Ca 2ϩ channels to ␣ 1G is that other structural elements besides the EEEE or EEDD locus of these channels contribute to the differences in selectivity and permeation properties between Ca 2ϩ channels. Following the results of other authors, at least three possibilities can be outlined. First, lysine and asparagine residues are found close to the EEDD locus of ␣ 1G , but phenylalanine and alanine residues in the vicinity of the EEEE locus of all HVA Ca 2ϩ channels (29) . The second structural candidate is the potential putative EFhand motif located outside the narrow region of all HVA Ca 2ϩ channels, which is absent in all three LVA Ca 2ϩ channel ␣ 1 subunits (23) . Third, it might be possible, given the rather low sequence identity between the channels, that the backbone structures sustaining the selectivity filters (EEEE and EEDD locus) are not the same, which might result in a different spatial arrangement of the negative residues.
Another corollary of this study is that not only the structural features of Ca 2ϩ channels, but also intra-and extracellular ionic composition determine to a large extent relative Ca 2ϩ / Ba 2ϩ permeability. In this sense, our results give further support to the view of ion conduction through Ca 2ϩ channels as the complex compendium of multiple effects, namely ion-ion interactions, differential ion affinities for binding ligands, interactions between pore structures, and ionic sieving. It is striking then to recognize that any of them can potentially modulate Ca 2ϩ channel gating.
